High Performance (HP) battery electric vehicle (BEV) and racing applications represent significantly different use cases than those associated with conventional consumer vehicles and road driving. The differences between HP use cases and the duty-cycles embodied within established battery test standards will lead to unrepresentative estimates for battery life and performance within a HP application. A strategic requirement exists to define a methodology that may be used to create a representative HP duty-cycle. Within this paper two methods HP duty-cycle design are evaluated and validated. Extensive simulation results into the electrical performance and heat generation within the battery highlight that the new HP duty-cycles provide a more representative duty-cycle compared to traditional battery test standards. The ability to more accurately predict the performance requirements for the battery system within this emerging and strategically important BEV sector will support a range of engineering functions. In addition, the ability to more accurately define the use-case for a HP-BEV will underpin ongoing experimentation and mathematical modelling to quantify the associated cell ageing and degradation that may occur within HP vehicle applications.
Introduction
High Performance (HP) battery electric vehicles (BEV) and electric vehicle (EV) racing applications represent significantly different use cases than those associated with conventional consumer EVs and road driving. Such HP-BEVs are typically driven to the performance limits of the vehicle or the capabilities of the driver. Asus et al. [1, 2] conducted extensive tests on a series hybrid racing car to develop a detailed mathematical model of the vehicle that characterised its dynamic behaviour and could underpin drive-cycle prediction. The authors present experimental data, including driver pedal input and system power demands, for the vehicle being driven on the Magny-Cours racing circuit in France. Their analysis highlight significant proportions of time spent at peak demand (full-throttle), in addition to rapid transitions from vehicle acceleration and braking. For a BEV, such a usage profile would translate to extended periods of time when the battery system is under full electrical load for charging or discharging.
By comparing the data presented within [1, 2] with that found in studies into urban driving, e.g. [3, 4] one of the unique measures of HP driving is not just the high amplitude power demands placed on the vehicle's powertrain, but also the relative time that the vehicle spends at peak-power. In contrast, peak power demand in urban driving is rare, of short duration and interspaced with extended periods of low demand. For HP applications, a complete energy discharge of the battery pack may occur within less than a single hour. Conversely, with a conventional EV it may take many hours or even days to deplete the energy content of the battery pack [5] .
International standards and best-practice guides exist that address the performance evaluation requirements for EV lithium ion battery (LIB) systems. Each standard addresses different requirements for performance, robustness and safety and how testing should be undertaken at either a cell (i.e. IEC 62660-1 [6] ), module (i.e. ISO 12405-2 [7] ) or system level (i.e. Department of Energy battery test manual for electric vehicles [8] ). Within [8] the Dynamic Stress Test (DST) is a simplified version of the electrical loading associated with a EV traversing the Federal Testing Procedure (FTP-75) drive-cycle [9] . The ISO and IEC standards contain comparable duty-cycles that are often employed by vehicle original equipment manufacturers (OEMs) and system suppliers for component selection and battery system evaluation. However, as reported within [10, 11] , the underpinning drive-cycles that are used as the basis for the design of the battery load-profile are known to be unrepresentative of a number of different vehicle types, driving styles and environmental conditions. The authors assert that the differences between HP and standardised dutycycle profiles are likely to influence performance requirements of the battery systems and the rate of degradation that may occur within the cells that comprise the HP vehicle battery system.
Although the causality between cell degradation and the external environment and electrical load is known to vary considerably between different cell types, chemistries and form factors, there is a range of common ageing mechanisms that underpin many degradation modes for a variety of LIB chemistries. The topic of LIB degradation and associated ageing mechanisms is the subject of considerable academic and industrial research [12] [13] [14] [15] [16] and therefore a full explanation will not be repeated. For completeness, Table 1 summarises those key ageing factors that are most pertinent to this study. Given the increased intensity of ageing mechanisms such as electrical current and cell operating temperature associated with HP driving or EV racing, it is expected that the performance requirements and degradation profile of batteries employed within HP applications may not correspond well with experimental results from standardised tests and from existing research that is focussed on consumer BEVs and urban driving.
To progress the research into better understanding the performance requirements and cell degradation models associated with HP-BEV use, the first strategic requirement is to define a methodology that may be used to define a representative dutycycle that, in turn, can be used to underpin subsequent experimentation and mathematical modelling. This paper is structured as follows. Section 2 presents two methods of duty-cycle design. The first, extends the traditional process employed for drive-cycle construction within the time domain. The second exploits recent innovations in battery test case design within the frequency domain. Within Sections 3 and 4 the new duty-cycles are evaluated through three case studies that firstly compare the new HP duty-cycles against the battery power demand for a real-world race-circuit. Secondly, results are presented that quantify the differences in performance requirements for the battery based on HP duty-cycles compared to traditional test standards. Finally, results from a thermal modelling simulation are reported that highlight the level of heat generation within the battery under HP-BEV applications and compares this to that predicted using established battery test methods. Conclusions from this research are presented in Section 5.
Methods for duty-cycle development
One existing area of research engaged in the development of testing profiles that preserve traits in the source data is that of driving cycle design. The underlying principle of driving cycle construction is to develop a cycle whose properties match specific criteria extracted from a database. As such, the methods explored in this field lend themselves to the construction of HP duty-cycles.
Another approach to duty-cycle design is to construct the HP duty-cycle based on a desired amplitude spectrum and inverse cumulative distribution function (iCDF) [24] . The amplitude spectrum of a duty-cycle is its representation in the frequency domain and thus contains information of the amplitudes and frequencies that the battery would be subject to. The iCDF is the mathematical representation of a cumulative histogram and describes how much time is spent within each amplitude range. Recent publications by Widanage et al. have shown that the consideration of target amplitude spectra during characterization tests can positively affect the representativeness of testing procedures [25, 26] , while concurrently reducing the time required to undertake the experimental evaluation. This research describes a method for superimposing the Pulse Power Current (PPC) test profile as described in the IEC 62660-1 standard [6] with a multisine signal. The result is a charge sustaining test-profile called a pulse-multisine which approximates the amplitude spectrum of a duty-cycle derived from a driving cycle. Within [26] , the pulsemultisine was successfully employed to characterise a number of different cell-types and provide the necessary dataset to parameterise an equivalent circuit model (ECM) representation of the cells. The research highlights that the validation accuracy of the ECM improved when estimated with the pulse-multisine as compared to characterisation tests undertaken in accordance with established methods in [6] . The improved accuracy was attributed to the ability of the pulse multisine to better emulate the frequency bandwidth and amplitude of the electrical loading experienced by the battery system throughout the target drive-cycle. A similar improvement in HP degradation and modelling is therefore expected by designing a HP duty cycle with the appropriate frequency bandwidth and histogram that represent a HP duty cycle database. [13, 17, 18] Volume changes resulting in contact loss of active material particles and particle cracking, exposing fresh graphite to the electrolyte and subsequently further SEI growth [13, 17] Cathode Volume changes, and tensile and compressive stresses causing particle cracking [19, 20] Anode Volume changes causing mechanical stresses and particle cracking with subsequent SEI growth [13] Cathode Volume changes causing mechanical stresses [13, 17] Crystal structure disorder causing particle cracking [17] The following sub-sections discuss, in greater detail, the creation of a database that defines a range of HP duty-cycles that are deemed to be representative of the real-world use of this form of niche BEV. Based on this database, the two methods of dutycycle creation, a HP Random Pulse Cycle and a HP Multisine Cycle, are further explained and evaluated.
Duty-cycle database
To quantify the target criteria that will underpin the design of both duty-cycles, a database of representative real-world HP dutycycles is required from which key performance measures can be extracted. Ideally, this data-set would comprise actual vehicle data recorded over a range of different race circuits. However, due to obvious financial and logistical challenges associated with obtaining this data, it was decided to employ the commercially available simulation software IPG CarMaker to simulate the race circuits, the HP-BEV and the driver to generate the required data. The fundamental process employed is similar to that presented within [27] . It is beyond the scope of this paper to present the full derivation and validation of the mathematical models that comprise the race circuits, the HP-BEV and Driver. This information is published within [28] [29] [30] and will therefore not be repeated. However, for completeness, a summary of the pertinent aspects of the methodology are provided.
A total of eleven internationally recognised race circuits were modelled as part of creating the database using the same process as described within [27] .
The vehicle model employed within this work is based on the Audi R8 demonstration vehicle that is made available within the IPG CarMaker software. Key vehicle subsystems such as the suspension, hydraulic brakes steering and tire models were unchanged. Rolling resistance on an individual wheel is calculated within the simulation suite as a torque acting along the wheel spin axis, according to Eq. (1), where T RR is the tire rolling resistance Torque, N is the normal Force at the tyre contact point, k rr is the coefficient of rolling resistance r is the radius of the loaded wheel, v is the velocity of the tire belt at the tire-road contact point.
The longitudinal drag coefficient was increased from 0.2 to 0.3. This was to ensure that the value was more representative of realistic values [31] . The powertrain model of the demonstration vehicle was replaced with a representative HP-BEV drivetrain, comprising two electrical machines, each mechanically coupled through an automated gearbox with two gears and differential to the front and rear axles respectively. Energy efficiency maps for both, acceleration and regenerative braking for the machineinverter assemblies were based on real-world test data from commercially available systems. Energy efficiency, defined as the ratio of shaft power to the electrical input power of the inverter was quantified as a function of machine speed and torque. A sequential regenerative braking strategy was implemented, where mechanical brakes are only in use for braking torques which exceed the electric motors' capability. The complete set of model parameters for the HP-BEV are provided in Table 2 .
For Driver parameterisation, a racing-circuit driving simulation procedure was executed and the driver aggressiveness (tuneable with respect to both, lateral and longitudinal dynamics) was optimised within the constraints of vehicle adhesion to iteratively improve lap times over each circuit. The final driver settings were subsequently employed for all simulations. Each simulation lasted 1800s to ensure the recorded power demand profile contains the profile for at least one complete lap without a start from standstill for each racing-circuit. Table 3 provides, for each race-circuit, a summary of actual vs simulated racing-circuit distance, the associated percentage error in racing-circuit length, the average speed, average of the absolute power, average discharge power after considering regenerative braking, rms power, and peak power when modelled within the CarMaker software.
The peak power demand for each driving scenario is limited by the vehicle capability, reaching a maximum of 300 kW. An example of the vehicle velocity as a function of the driving path as recorded from the simulation for the Silverstone race-circuit is shown in Fig. 1 . The corresponding battery pack power demand is shown in Fig. 2a . As expected the vehicle reaches peak velocity on straight stretches of road, and slows down for cornering.
The number and individual periods for each racing-circuit are determined using an unbiased auto-correlation as defined in [32] , a step illustrated in Fig. 2b . A duty-cycle for a specific racing-circuit is then approximated as the normalised profile of an average (over the periods) lap (R t ð Þ) (Fig. 2c) . Normalisation of the power demand profiles with Eq. (3) allows decoupling the power demand profile from battery parameters with the resulting profiles containing values between À100% and 100%. P Norm is the normalised power, P Cycle is the power demand profile resulting from the simulation, and max P System À Á is the peak power that the system can supply to the electric machines. The resulting profiles, although dimensionless, are still fully dependent on the specific properties of the vehicle and driver models, and race-circuit selection. As such, the normalized profiles relay information about their intensity as a function of the system's peak capability, without eliminating crucial information about differences between individual duty-cycles.
This processing step also allows direct comparison with the battery testing profiles in ISO 12405-2, IEC 62620-1 and Battery Test Manual [6] [7] [8] . Visual inspection of Fig. 2c and d reveals large differences between a HP application duty-cycle and the cycle life testing profile A as found in the IEC 62660-1 standard, namely the frequency of changes between charging and discharging, time spent at high charging and discharging levels, level of charging and discharging power and duration; further strengthening the arguments for a bespoke HP duty-cycle.
Method one: HP random pulse cycle
The typical process employed within the literature for drivecycle design is as follows. A database of driving conditions is created and subsequently divided into smaller segments (based on time or stopping segments), often referred to as micro-trips [33] . Concatenating the individual segments together, either through a random process or via stochastic selection yields the final drivecycle. Optimisation methods are often employed to ensure that the resulting drive-cycle meets the target criteria selected [34] . Common measures where a correlation is required include: average speed, duration, acceleration, idle time, and speedacceleration frequency distribution (SAFD) [35] [36] [37] [38] [39] [40] [41] . The selection of which criteria to employ within the cost-function of the optimisation process is known to be key. In order to employ the drive-cycle creation analogy, it is important that target parameters are selected in accordance with their potential influence on battery degradation.
HP target criteria
Cells cycled at higher current rates (C-rates) are known to display reduced cycle life [42, 43] which should be reflected in the target criteria. Preliminary results presented within [44] indicate that both, charging and discharging pulses, at peak power cause a higher capacity loss over time than a pulse with the same cumulative energy but lower magnitude. Pulsed profiles also appear to cause more capacity fade than a constant current discharge with the same cumulative discharge energy [45] . Accurate representation of the magnitude and duration of charging and discharging pulses is therefore deemed to be necessary. As the anode and cathode degrade under different ageing mechanisms [13] it is also required to take into account the duration the cell is being charged and discharged respectively to ensure that this is equally represented within the derived HP duty-cycle.
To extract information such as power pulse duration and magnitude from the duty-cycles, the following process was followed. Each race circuit duty-cycle signal (R t ð Þ) was divided into a set of duty pulses (p t ð Þ), defined as the time signal between two zero crossings. This is similar to the definition of a micro-trip often employed within drive-cycle construction studies [46] . The entire database is broken down into a finite number of duty pulses and expressed as a single set P with k number of duty pulses in the database.
Furthermore, the set P is broken down into two subsets, D and C containing all recorded discharging d i t ð Þ ð Þ and charging c i t ð Þ ð Þ pulses, respectively, where i is the i th pulse contained within in each set. The conditions for a pulse of duration L to be classified as a discharging or charging pulse are defined in Eqs. (5) and (6) respectively.
As such: 
The two subsets D and C can be further arranged into racing-circuit specific duty pulses as ð Þ, where m is the index for a specific racing-circuit and i is the index for a particular duty pulse.
The racing-circuits in this study produce a total of 189 charging and 189 discharging pulses. Based on this knowledge the race circuit driving cycle database is analysed in terms of the parameters described in Table 4 .
P DC and P C represent the average power sunk or sourced from the battery system during a duty-cycle. P net is the net power demand that indicates how much power is demanded on average at every instant. P abs defines the mean absolute power throughput describing how much power is either supplied to or demanded from the battery. k DC represents the fraction of time the battery is discharging. Conversely, k C is the fraction of time the battery is charging over the course of a duty-cycle. As the peak power demand for charging and discharging within this study is vehicle limited, the peak pulse amplitudes do not require an individual measure. These target parameters, collectively, describe the amount of energy supplied to and extracted from the system and the proportions in which this occurs.
The arithmetic mean and maximum duration of discharge pulses, t AvgDC and t maxDC are chosen to represent the shape and composition of the different discharge pulses. The target parameter for maximum pulse duration (t maxDC ) ensures that a wide range of pulses are used and therefore the potential effects arising from prolonged high power demand are not excluded from the dutycycle. Finally, the target duration of the duty-cycle (T) defines the length of one period of the test profile.
HP random pulse cycle
Using the target parameters from Table 4 in conjunction with the sets D and C it is possible to construct a representative dutycycle using a process that extends the research described in [40, 41] . The new method involves randomly selecting pairs of discharging and charging pulses and combining them to generate the complete HP duty-cycle. The resulting cycle is called a "HP Random Pulse Cycle" (HP-RPC). This process is illustrated in Fig. 3 and described in more detail below.
A uniform random number generator determines an integer index m with the condition 1 m 189 for the sets D and C. The indexed discharging pulse is selected from the set D followed by the charging pulse with the same index resulting in a duty-cycle as described in Eq. (14), where l is the number of generated indices.
Selecting the charging pulse with the same index as the previous discharging pulse ensures a realistic sequence of charge and discharge pulses is created and avoids the occurrence of a short discharging pulse followed by a long charging pulse, which may not be possible within a real-world application since it results in a battery over-charge condition. This stage of the process is repeated and the pulses are concatenated until the target duration T is reached or exceeded as shown in Eq. (15) . This resulting cycle is referred to as a candidate cycle.
The candidate cycle is subject to an assessment test to assess its suitability. Each of the eleven assessment parameters from frequency domain and whose phases are optimised to match a desired inverse Cumulative Distribution Function (iCDF) (g P ð Þ) in the time domain.
The amplitude spectrum of a signal x t ð Þ describes how much power the signal contains at the frequency f, and may be obtained via the Fourier series. The Fourier series of a time-based function x t ð Þ is defined in (19).
A k is the amplitude and ' k is the phase of the k th harmonic, f k is the frequency at k th harmonic and is f k = kf s /N with f s the sampling frequency, and N is the number of samples per period. A detailed discussion into the derivation and use of Fourier Series for signal analysis is presented within a number of educational text, such as [47] . By performing a Fourier series, via the Fast Fourier Transform (FFT) routine for all duty-cycles in the database, the amplitudes and frequencies of the power demand pulses that a battery would be most subject to in HP driving are identified. From this, an amplitude spectrum that is representative of different HP scenarios within the frequency domain may be found. However, to produce a test-cycle that is also representative of the same HP scenarios in the time domain, knowledge of the associated phases are necessary which are selected via the time-frequency algorithm to match the desired iCDF The Cumulative Distribution Function (CDF) for a quantity x that takes a real value at random is defined in Eq. (20) . The right-hand term describes the probability that the random variable x has a value less than or equal to B. F B ð Þ is limited by boundaries of 0 and 1 and is non-decreasing.
Within a battery duty-cycle, if x is the amplitude of the power profile at a random point, then F x B ð Þ is the probability that the amplitude of that operating point is equal to or less than B. For a profile with N data points the empirical cumulative distribution function (eCDF) is a step function increasing by 1/n at each data point. As such the eCDF is a measure for representation in the time domain, as it contains similar information to the target parameters associated with the random pulse method (see Table 4 ), except for the pulse duration (t). The iCDF is simply the inverse of the eCDF and is shown in Eq. (21).
As discussed within [24] , a duty-cycle that matches an amplitude spectrum and iCDF associated with HP applications is therefore deemed to be representative within the frequency domain and the time domain.
Target criteria selection
The two main design criteria for the HP Multisine Cycle method are the amplitude spectrum and iCDF. The amplitude component at 0 Hz frequency (the DC component) can be ignored at the analysis stage and can be accounted for a later stage of the design. Therefore the mean (averaged over time) of each duty cycle in the racing circuit database is removed to construct a zero-mean dutycycle database. Fig. 4a) shows the amplitude spectra (in dB 1 ) for each race circuit duty-cycle from the different racing-circuits presented in Section 2.1, as well as a function approximating the mean of the 12 duty-cycles. The values of the amplitude spectra lie within a certain band and all retain a similar shape with a broad spread of values at low frequencies converging to a narrower spread at higher frequencies. The mean spectrum lies within the band of spectra and follows the general shape and thus captures the characteristic in the frequency domain [25] . The mean amplitude spectrum here is approximated by a rational function f f k ð Þ as expressed in Eq. (22) .
In this case the function most accurately representing the mean amplitude spectrum f f k ð Þ (obtained by running a MATLAB curve fitting algorithm) is composed of a 4th order polynomial in the numerator and 5th order polynomial in the denominator. Fig. 4b) shows the iCDF for each zero-mean duty-cycle in the database as well as the mean and a fitted function. The removal of the DC component results in a shift of the iCDF without influencing its shape. The functions all lie within a certain band and follow the same trend in terms of shape. An outlier in the results presented is the Le Mans racing-circuit (Table 3 ) duty-cycle. This circuit is known for long straights associated with extended high-power discharge pulses and fewer corners relating to fewer braking opportunities and thus fewer charging pulses. This makes the Le Mans racing-circuit a more extreme but not improbable scenario and as such it is not excluded from further analysis. The mean of the iCDF's is approximated by a rational function g P ð Þ as shown in Eq. (23) . This forms the desired iCDF for the signal generation method.
The function best approaching the mean inverse CDF (g P ð Þ) contains a 5th order polynomial in the numerator and 4th order polynomial in the denominator. The parameters for both the mean amplitude spectrum (Eq. (21)) and iCDF (Eq. (22)) functions are estimated using the Matlab function fitting toolbox. Out of the tested functions in Matlab, the rational function with the highest R 2 value and narrowest 95% confidence intervals for the coefficients was chosen.
HP multisine cycle
The progression of the implemented time-frequency swapping algorithm is illustrated in Fig. 5 . The derivation and explanation of this algorithm is discussed within [24] . For completeness, a brief summary of the processing steps is outlined below.
The algorithm starts by generating a single period of a random phase multisine, which is a series of superimposed sinewaves with random phases (uniformly distributed between 0 and 2p), as defined in Eq. (24). 
The function f f k ð Þ approximates the mean amplitude spectrum as described in Eq. (22) and shown in Fig. 4a . It can also be seen in Fig. 4a that the majority of power in the amplitude spectrum is contained within the first 0.3 Hz. As such F max is set to 0.3 Hz and a total of F amplitudes are determined for the first F frequencies where
. This produces the desired amplitude spectrum associated with the HP driving applications, as shown in Fig. 5b .
The phases ' k for the F harmonics are initially chosen at random between 0 and 2p. Though the amplitude spectrum is matched, the random phases do not produce the desired iCDF (see Fig. 4c ) for the initial random phase multisine signal (see Fig. 5a ). The time-frequency domain swapping algorithm enforces the desired iCDF (g P ð Þ) and the desired amplitude spectrum (f f k ð Þ) iteratively until a convergence criterion is met as described below.
The sample values of the initial random phase multisine (x i n ð Þ, i denotes the iteration index) are sorted in ascending order and the indices of the values original position are recorded (Eq. (26)).
These values of y are the iCDF of x i (the zero-mean HP duty-cycle at the i th iteration). The position variable (f) serves as a timestamp indicating at which time in the duty-cycle the value y occurs. It can be seen in Fig. 5c ) that the iCDF differs from the desired mean iCDF as described Eq. (23) in and shown in Fig. 4b ).
To match the desired iCDF, a new duty-cycle y i n ð Þ ð Þ is created by replacing each value in x i n ð Þ with the corresponding value of g P ð Þ as in Eq. (27) . The values for the desired iCDF g P ð Þ ð Þ are determined by using Eq. (23) 
Eq. (27) implies that the smallest of the calculated values of g P ð Þ replaces the smallest value in x i n ð Þ, the second smallest value of g P ð Þ replaces the second smallest value in x i t ð Þ, and so forth. This process is repeated for all y resulting in a new duty-cycle with a changed amplitude spectrum and phases. The phases of this new duty-cycle are determined via the Discrete Fourier Transform and used to generate a new duty-cycle using the desired amplitude spectrum. This process is repeated, each time using the updated phases until a defined convergence between sort x i n ð Þ ð Þ and g P ð Þ is met.
The convergence criteria chosen in this work is met if the change in the sum of errors between desired and optimised inverse CDF is smaller than 10
À7
.The progression of this is shown in Fig. 5d , the resulting zero-mean cycle is shown in Fig. 5a . The HP Multisine Cycle (HP-MSC) is obtained once the mean DC component, synonymous with P net in Table 4 is added. The final HP-MSC contains instances where peak discharge demands exceed the À100% limit. This is attributed to the approximation of the mean iCDF by a function. Instances where the HP-MSC exceeds the discharging limit are constrained to À100%.
It is noteworthy that at the first instance, the profiles of x n ð Þ and g P ð Þ have different root mean square (RMS) values. For the algorithm to work it is necessary that the values of x i after the initial iteration are adjusted to account for this using a correction factor (fac rms ) as described in Eq. (28), and adjusting x i as described in Eq. (29) . The value of this correction factor is dependent on the frequency bandwidth of choice.
x n ð Þ ¼ x i :f ac rms ð29Þ
Results
To verify the new duty-cycles that represent HP driving scenarios three different studies were undertaken. Firstly, the HP-MSC and HP-RPC are validated, using the assessment criteria for HP-RPC and HP-MSC, against a HP duty-cycle, which was not in the initial database of 12 race track duty cycles. This new HP duty cycle is the duty-cycle for the Bahrain International Circuit (Bahrain) and its generation followed the same methodology as the database duty-cycles. The modelled racing-circuit length is 5.439 km; which compares to the official length of 5.412 km resulting in an error of less than 0.5%.
Secondly, the HP-RPC and HP-MSC are compared to the IEC 62660-1 cycle life test profile A [6] (IECC) to further highlight the differences in these realisation of a HP duty-cycle compared with traditional and widely accepted test and characterisation cycles. The power-time traces of HP-RPC, HP-MSC, Bahrain, and IECC are shown in Fig. 6 .
Finally, a thermal simulation study is undertaken for HP-RPC, HP-MSC, Bahrain, and IECC to estimate cell heating and the average volumetric temperature profile for a discharge from 100% to 10% SoC. As identified in the introduction, cell temperature is a main contributor to battery degradation and as such the self-heating of a cell during electrical loading should be considered as an influencing factor when considering cell degradation. Fig. 7a and b show the design parameters, described in Table 4 , calculated for HP-RPC, HP-MSC and the Bahrain duty-cycle. Despite the different methodologies applied to design each duty-cycle, the calculated parameters for HP-RPC and HP-MSC are very similar. Compared to the Bahrain cycle, a lower demand for mean discharge power P DC ð Þ and mean charge power P C ð Þ may be observed for both HP-RPC and HP-MSC. In turn, this results in corresponding lower values for net discharge power P net ð Þ and mean absolute power P abs ð Þ. The difference between HP-RPC and the Bahrain cycle for these parameters range from 12.9% to 19.9%. Conversely, when comparing the HP-MSC and Bahrain circuit profile, the differences range from 11.6% to 20.7% respectively (see Fig. 7c ). The percentage of time the battery is subjected to discharge k DC ð Þ and subjected to charge k DC ð Þ is similar between all cycles with differences of less than 8%.
Validation of HP-MSC and HP-RPC
Similar variations can be found for the time-based parameters, except for the maximum discharge pulse duration t MaxDC ð Þ and cycle duration (T). Further analysis of the profiles, illustrated in Fig. 6a-c Fig. 7d shows the amplitude spectra for the HP-RPC and Bahrain cycle up to 5 Hz and for the HP-MSC up to the design frequency of 0.3 Hz as presented in Section 2.3.1. The HP-MSC, HP-RPC and Bahrain cycle amplitude spectra follow the same general trend and as such all signals carry similar characteristics within the frequency domain. The flatness in peak power demand represented by the HP-RPC and Bahrain cycle is not captured in the HP-MSC. This observation is due to the exclusion of higher frequencies in the selection of the amplitude spectrum in the HP-MSC approach. Inclusion of higher frequencies (in the range of 0.3 Hz to 5 Hz) allows for a flattened peak demand for discharge pulses but also results in more frequent periods of charging and discharging. The performance of the HP-MSC against the timebased parameters in Fig. 7b may be adversely affected by fluctuations around zero amplitude, causing increased switching between charging and discharging. The performance of HP-MSC against target parameters, shown in Fig. 7a , and the cycle duration (T) remain unaffected by the inclusion of higher frequencies.
The iCDFs for all three cycles are displayed in Fig. 7e . They show that the discharge power demand for HP-RPC remains at peak power (P < À0.9) for 20.6% of the cycle duration compared to 16.7% for the HP-MSC and 29.2% for the Bahrain cycle. The proportion of power demand for discharging and charging, respectively, is similar between all cycles, an observation which is synonymous with the results presented in Fig. 7a-c. 
Comparison between HP cycles and the IEC test standard
To highlight the difference between the realisation of a generic HP duty-cycle and a traditional automotive testing duty-cycle, HP-RPC and HP-MSC are compared to the cycle life test profile A (IECC) defined within the IEC 62660-1. The IECC contains only 8 s of peak discharging power demand per period compared to the previously identified 23.7 s for the HP-RPC and 22.1 s for the HP-MSC. In conjunction with a much longer period, this results in a very low value for the mean discharge power P DC ð Þ of 0.255. As shown in Fig. 8a , similar observations can be made for mean charge power P C . As such, the values for net discharge power P net ð Þand mean absolute power P abs ð Þ also adopt much lower values for the IECC compared to the HP profiles. The percentage of time the battery is on discharge k DC ð Þ is comparable between the HP cycles and standardised cycle. However, as the IECC contains resting periods at zero power demand and the HP profiles do not, their respective values for percentage of time the battery is on charge k C ð Þ do not correlate.
The maximum and mean pulse duration for charging and discharging is shown in Fig. 8b and highlights further large differences. Although t AvgDC and t MaxDC indicate much longer individual discharging pulses for the IECC, the amplitude of the pulses is up to 70% lower and as such would result in much lower instantaneous heat generation. Assessing the deviation of HP-RPC, HP-MSC and IECC from the HP-RPC design targets as illustrated in Fig. 8c , reveals that the smallest deviation of the IECC from HP targets can be found for t MaxC at a value of 25.3% (except for k DC ). Conversely, the largest deviation is for t AvgDC at a value of 410%.
As expected from a visual inspection of the cycles in Fig. 6 , and the discrepancies between the different duty-cycles (HP-RPC, HP-MSC, and the IECC) shown in Fig. 8a -c, the amplitude spectra of HP-RPC, HP-MSC and IECC (Fig. 8d) follow separate trends and as such the IECC is deemed not to be representative of HP driving scenarios within the frequency domain. Similarly, for the iCDFs in Fig. 8e , there is no identifiable correlation between these three cycles.
Thermal simulation study
To further illustrate the discrepancies between the IECC and HP duty-cycles, defined as part of this work and also to further highlight the correlation between the HP-RPC, HP-MSC and Bahrain cycle, a thermal simulation was undertaken to estimate the value of self-heating during a discharge from 100% to 10% SOC for each of the cycles.
A coupled 1D electrochemical-thermal model, developed through a complementary research activity within the University, was employed. The commercial software Comsol Multiphysics was employed for the numerical simulation. The validated thermal model was developed for a 20 Ah pouch cell, where the anode is made of graphite and the cathode material is lithium-ironphosphate (LFP). The model has been validated at different Crates, 0.5C, 1C, 3C, 5C and 10C under 20 C ambient temperature. A complete discussion into the derivation of the model is presented within [48] and will not be repeated here.
During this simulation study, the maximum C-rate for charging was limited to 3C to comply with the manufacturer's specification for the cell. The maximum C-Rate for discharge was set at 8C, a value that resides within the validated range of the model. The ambient temperature of the simulation was set to 20 C, and the heat transfer coefficient from the cell surface to the surroundings was defined as 10 Wm
The results from this study are tabulated in Table 5 and presented in Fig. 9 . The terms temperature and heat generation refer to the average volumetric temperature and average volumetric heat generation respectively within the cell. Fig. 9a shows the volume average cell temperature for all four use cases. For HP cycles the maximum temperature is reached at the end of discharge. This translates to 1280s for the Bahrain cycle, 1491s for HP-RPC, and 1530 for HP-MSC and ranges from 43.9 C to 47.5 C. As the Bahrain cycle is more aggressive, as shown by Fig. 7a , than HP-RPC and HP-MSC respectively, the end of electrical loading is reached within a shorter time. In contrast, a cell undergoing the IECC schedule requires more than twice the time for the energy discharge to occur and reaches a peak temperature of only 30.0 C. The average cell volume heat generation for all four cycles is displayed in Fig. 9b -e. As expected the three HP cycles show a good correlation to each other. The highest recorded instance of heat generation is similar between all cycles to within 3%. However, the mean heat generation for the duration of the cycles varies significantly, with Bahrain displaying the highest heat generation term of 135 kW.m
À3
. The mean heat generation for the IECC is of a lower order of magnitude at 30 kW.m À3 resulting in a much lower temperature rise through electrical loading.
Discussion

Design of the HP duty-cycles
Two methods to design HP battery duty-cycles for cycle life and performance evaluation have been derived. The HP-RPC method extends a well-established technique from the literature for drivecycle construction [40, 41] by randomly selecting alternating charging and discharging power pulses. The target criteria that forms the cost function for cycle evaluation can be assessed to reflect the engineering challenge under investigation. Further, the relative error margins between each candidate cycle and the criteria can be selected by the engineer to optimise the inherent trade-off between computation time and cycle accuracy. For this research the error was set to 10% for each target criterion.
The second method evaluated for HP cycle definition follows a frequency-time swapping algorithm [24] to generate a cycle that matches a user defined amplitude spectrum and an inverse CDF. Both functions can be chosen by the design engineer, following the general criteria presented in Section 2.3.1. The choice of amplitude spectrum and CDF in this work are based on the mean of the spectra and CDFs within the HP duty-cycle database, representing different international race circuits. It has been shown that the HP-MSC method can be tuned to match the same targets as the HP-RPC by adaption of the iCDF. An advantage of this method is the relatively small amount of data required to generate a duty-cycle, as only the two design target functions are required, in contrast to an entire database of duty pulses.
Validation of the HP duty-cycles for the Bahrain international circuit
Validation of the cycles has shown a good degree of correlation between HP-RPC, HP-MSC and a cycle chosen at random from the database representing the Bahrain International Circuit. Although some differences such as power demand and time spent at peak have been observed, the results presented in Section 3.1 clearly show that the HP-MSC and HP-RPC offer a good approximation for this particular HP scenario with the average error between HP-RPC and HP-MSC compared with the Bahrain cycle of 14.0%, and 12.8% respectively. The amplitude spectra of all cycles follow a similar shape highlighting the similarity between the profiles. The iCDFs show clearly that the Bahrain cycle is more aggressive and demanding than the generic cycles. To cater for more demanding cycles, the database for HP-RPC may be expanded with further aggressive duty-cycles. For the HP-MSC generation method, an adjustment of the desired iCDF would be sufficient to tune the nature of the cycle to better represent this facet of the target HP duty-case.
Power demand and energy throughput for the Bahrain cycle are higher, but the longest pulse at peak power is smaller than that from the HP-RPC and HP-MSC. As shown in Fig. 9 , this results in higher heat generation during electrical loading for the Bahrain cycle. The largest discrepancy between the cycles is the period (T) with a 34.8% deviation for HP-RPC and 28.5% deviation for HP-MSC. Arguably due to the repetitiveness of the pulses the shorter period of the Bahrain cycle by itself may be of lower significance to the profile as combined effects of t MaxDC , t MaxC and T are indirectly captured in the parameters P DC , P C , P net and P abs . The Bahrain cycle is only one particular scenario falling within the band of HP cycles, and as such, both HP-MSC and HP-RPC are deemed satisfactory to represent a typical HP cycle.
Comparison of the HP duty-cycles against standard test and characterisation cycles
The subsequent comparison of the HP scenarios with standardised tests shows large discrepancies between the cycles based on the HP-RPC and HP-MSC design criteria. This was confirmed by the thermal simulation study which showed much smaller peak temperatures and self-heating effects for the IECC compared to the HP cycles. As such, it can be concluded that there is too little commonality between the standard IECC and HP duty-cycles to warrant representation of the latter by the former.
Further work
The results presented within this paper have focused on the creation and application of a representative duty-cycle that may be employed to evaluate the integration of energy storage technology within a high-performance vehicle. The authors plan to extend the research presented within this work by conducting experimental tests investigating the thermal behavior of cells undergoing HP duty cycling and the rate and nature of degradation over prolonged HP use.
The methodologies presented are not limited to high-performance vehicles but provide a step by step guide for engineers and researchers to develop their own duty cycles for other industrial applications where standard testing procedures are not representative of real use. As discussed within a number studies [49, 50] , a representative duty-cycle underpins a range of engineering functions such as the component sizing; energy management; simulation and testing of the complete vehicle powertrain and key subsystems. As a result, the two methodologies presented are highly transferable to a number of different sectors that are investigating opportunities for electrification and the integration of battery systems. These include the electrification of marine and aerospace systems [51] , either for more energy efficiency propulsion or because of the inclusion of more electrically powered ancillaries; in addition to the hybridization of offhighway or construction vehicles [52, 53] , where the diverse usage patterns prohibit the creation of a generic drive-cycle such as the NEDC or US06 that are common within the road transport sector.
The complete dataset of driving cycles and developed duty cycles is available from [54].
Conclusions
It may be concluded that both duty cycle construction methods presented within this research are suitable for the design of dutycycles for battery performance evaluation within HP driving applications. Simulation results highlight that the new HP dutycycles provide a more representative duty-cycle compared to traditional battery test standards. For high-performance vehicles, the ability to more accurately predict the performance requirements for the battery system within this emerging and strategically important emerging BEV sector will further support a range of engineering functions, such as the ability to optimise the energy capacity and power capability of the battery pack and to select and design the most appropriate thermal management strategy, further reducing system cost while concurrently increasing energy and power density. In addition, the ability to more accurately define the use-case for a HP-BEV will underpin ongoing experimentation and mathematical modelling to quantify the associated cell ageing and degradation that may occur within HP vehicle applications.
